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Abstract 
Wet-chemical coating processes based on nanoparticulate zirconia materials hold great potential to become an energy and 
resource efficient alternative to conventional coating processes (e.g. physical vapor deposition). The challenge of this innovative 
coating technology is the requirement for a thermal post treatment of the coatings often applied on substrates with low thermal 
stability. Thus, the introduced laser-based process has considerable advantages over conventional oven processes that are not 
suitable for this purpose. It both enables short interaction times between the laser beam and the coated sample and therefore the 
necessary high peak temperatures in connection with short heat penetration depths. 
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1. Motivation / State of the Art 
Wear protection coatings are a powerful tool to improve the performance and lifetime of many technical devices 
in different areas of our modern life. In the automobile sector, there are millions of parts that have to be coated every 
year. But there are many other fields, such as aeronautics or renewable energy that widen the scope of wear-resistant 
coatings. In particular, optimization of production technology for these versatile coatings is of great interest because 
of the need for high throughput. Wet-chemical coating techniques using nanoparticulate materials hold great 
potential because they can be applied by using energy and resource saving techniques such as dip/spin-coating or 
printing [1]. Therefore they make it possible to achieve a significant reduction in both production costs and energy 
consumption. The major challenge of these innovative coating technologies is the requirement for a thermal post-
treatment to generate the desired functionalities of the coating. In general the post-treatment can be divided into two 
steps. In the first “drying-” step, the remaining solvents within the applied coating have to be removed. This can be 
done at relatively low temperatures < 150 °C. The “laser-drying” process presented in this paper offers the 
possibility to perform this step within an inline-production process. Nevertheless, oven-drying serves as a reference 
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method. In the second “laser-hardening-” step, temperatures > 1000 °C have to be generated to achieve a significant 
increase of coating hardness and mechanical stability.  
In order to apply the coating to sensitive substrate materials such as hardened 100Cr6 steel, conventional oven-
processes are not suitable due to the low tempering resistance of the substrates. The “laser-hardening” process 
presented in this paper makes it possible to generate the required temperatures while minimizing the thermal load of 
the substrate. 
2. Experimental 
The research work presented in this paper is done in close collaboration with Merck KGaA Darmstadt, Schaeffler 
KG, Dilas GmbH and Biofluidix GmbH. The applied coating materials are applied and adapted by Merck, the diode 
laser modules have been provided by Dilas and the laser process is developed by the ILT. The experimental 
approach pursued is illustrated in Figure 1.  
 
 
 
Figure 1. Experimental approach (a minimum thickness of 300 nm is necessary in order to obtain reasonable hardness results via 
nanoindentation) 
   In the first step a nano-dispersion consisting of nanoparticulate zirconia particles dispersed in solvents and a 
mixture of different additives is applied to hardened 100Cr6 substrates (diameter of 30 mm, thickness of 4 mm) via 
spin-coating. While the layer thickness increases with decreasing spinning-velocity the thickness homogeneity of the 
applied layer decreases. Because of these opposing dependencies the maximal layer thickness of one single spin-
coating-process is limited. For the dispersion under investigation the optimal spin-coating-parameters have been 
determined to vspin = 3000 RPM (rotations per minute) in connection with an acceleration of aspin = 1500 RPM/s and 
an overall spinning-time of t = 30 s. The thickness of an untreated layer applied with these parameter is determined 
to duntreated ≈ 200 nm. Coating thicknesses are determined by generating a sharp-edged groove in the coating and 
measuring the distance between the substrate surface and the coating surface via white-light interferometry (WIM).  
 
2.1. Laser-hardening of oven-dried coatings 
Drying of the first set of specimens is carried out in a conventional oven. Due to significant hardness losses in the 
substrate for temperatures > 150 °C, the oven drying is carried out at 150 °C for a set of hold times between 30 and 
90 minutes. The effect of the drying procedure on the coating is evaluated by comparing infrared reflectance spectra 
of the dried coatings with the spectra measured before drying. These measurements are carried out with a Perkin 
Elmer fourier transform infrared spectrometer (FTIR). The state of drying of one single layer is evaluated for every 
hold time by analyzing the respective FTIR-spectra. In these spectra absorption peaks around 1500 cm-1 are 
associated with the contained solvents.  
After identifying an optimal hold-time samples are prepared for laser-hardening experiments. The aim of the 
laser-hardening is to induce densification and hardening of the dried coating. In order to do so while minimizing the 
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thermal load of the substrate pulsed laser radiation generated by a diode laser module (DILAS) with a pulse 
repetition frequency of 5000 Hz is used. The laser beam is guided across the sample in meander-shaped tracks with 
a track displacement of 0.1 mm (Figure 2). Within this laser treatment strategy there are 3 process 
parameters (Table 1). 
 
Figure 2. Scheme of the laser setup and the laser treatment strategy 
Table 1. laser-hardening parameters 
process-parameter Unit symbol 
pulse duration  µs tp 
pulse energy mJ Ep 
Scanning-velociy mm/s vscan 
 
Preliminary oven experiments indicate that temperatures > 1000 °C are required in order to induce hardening of 
the dried coating. FEM-simulations of the laser induced temperature distribution in the layer and at the surface of 
the substrate are performed based on the optical properties determined for the applied coating material in order to 
investigate the influence of the interaction time. The optical properties of the layer material have been determined 
via spectrum simulation based on physical models for the dielectric function of the layer [2-4]. A detailed 
description of the modeling approach was presented by the authors [5]. Interaction-times ≥ 170 µs are realized by 
using continuous diode laser radiation whereas interaction-times ≤ 20 µs are realized by using pulsed diode laser 
radiation with pulse durations between 5 – 20 µs. For each interaction-time the laser output power (continuous 
radiation) or the pulse energy and the number of pulses per position (pulsed radiation) are adapted to generate a peak 
the required peak temperature. These simulations show that a minimum heat penetration depth is realized by 
applying a pulse duration of tp=20 µs in connection with the maximum pulse energy of EP ≈ 8 mJ (Figure 3). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 heat penetration depth dtherm as a function of the interaction time between 10 to 700 µs. The values have been derived from FEM-
simulations. 
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The influence of the scanning-velocity as the left free parameter is investigated experimentally by laser-hardening of 
dried layers with a stepwise reduced scanning-velocity between 600 mm/s and 200 mm/s (step-size: 100 mm/s) and 
the pulse duration of 20 µs at a pulse energy of Ep ≈ 8 mJ. The wear protection performance of the laser-hardened 
layers are evaluated by a manual scratch test. 
In order to evaluate the achieved increase in coating hardness via nanoindentation measurements according to EN 
ISO 14577 the indentation depth has to be < 10 % of the layer thickness [6, 7]. Because the used HM500 fisherscope 
allows minimal indentation depths of about 25 nm a coating-thickness of approximately 300 nm has to be generated 
by multiple coating steps in order to fulfill this demand. This is realized by repeating steps 1-5 according to 
Figure 1.  
2.2. Laser-hardening of laser-dried coatings 
Drying of the second set of specimens is carried out by a laser-drying process with continuous diode laser 
radiation. In order to achieve a two-dimensional treatment the beam is guided across the sample in meander-shaped 
tracks (Figure 2). The main challenge of the laser-drying process is to remove all solvents while minimizing 
negative effects on the substrate. Therefore high temperatures connected with long interaction times have to be 
avoided. In order to investigate the influence of the duration of the drying-process 2 different laser radiation 
intensities (Table 2) are applied. The track offset dy is set to 0.06 mm. For each intensity the scanning-velocity is 
adapted in order to achieve an optimal drying result. This is determined by gradual decrease of the scanning velocity 
and comparison of the respective FTIR spectra to the results of the oven-dried layers. 
 
Table 2. laser-drying parameters 
 Intensity [W/cm2] beam diameter ds 
[mm] 
laser power PL [W] 
Intensity I1  5·104 0.34 50 
Intensity I2 5·103 1.1 50 
 
In the next step the laser-hardening is carried out on the laser-dried layers as described in section 2.1. The same 
laser-hardening parameters are used in order to allow for comparison of oven- and laser-drying. A final coating 
thickness of 300 nm is realized by repeating the cycle consisting of spin-coating, laser-drying and laser-hardening 
according to Figure 1. Finally the nanoindentation results of the laser-dried coatings are compared to the results 
obtained from oven-dried coatings. 
 
 
3. Results and Discussion 
3.1. Laser-hardening of oven-dried coatings 
   A significant decrease in the absorption peaks around 1500 cm-1 takes place after 30 and 60 minutes, whereas a 
hold time of 90 minutes does not lead to any further decrease (Figure 4). Therefore, coatings prepared for the 
following laser-treatment experiments are dried at 150 °C for 60 minutes. 
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Figure 4. FTIR spectra of oven-dried coatings on steel substrates after different hold times between 30 – 90 minutes. The vertical sequence of the 
spectra corresponds to the arrangement of the legend labels. The absolute values should not be considered due to added offsets which help to 
maintain a better overview of the graphs. 
With decreasing scanning-velocity and therefore increasing peak-temperature the mechanical resistivity of the 
layers increases according to the scratch-test (Figure 5). At the same time the surface roughness increases with 
decreasing scanning-velocity. A scanning-velocity < 200 mm/s leads to low scratch resistivity due to a very high 
surface roughness. Therefore a velocity of 250 mm/s is used for laser-hardening of the first layer. The thickness of 
this first layer  is determined to (90±10) nm via transmission electron microscopy (TEM). Thus, 4 layers have to be 
applied in order to determine the coating-hardness via nanoindentation measurements according to the measurement 
standard [7]. For each of these layers the scanning-velocity is systematically reduced in order to achieve the optimal 
result regarding scratch resistivity and surface-roughness. The process-parameters used for laser-hardening of the 
final layer system are shown in Table 3. 
 
 
 
 
 
Figure 5. Examples for evaluation of the scratch test  
 
Table 3. laser-hardening paramaters 
 Scanning-velocity 
[mm/s] 
Pulse duration tp 
[µs] 
Pulse energy EP 
[mJ] 
layer 1 250 20 8 
layer 2 250 20 8 
layer 3 600 20 8 
layer 4 500 20 8 
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According to nanoindentation measurements carried out on the final laser-hardened layer system consisting of 4 
layers the hardness coating is increased by a factor of 5 compared to an untreated coating (Figure 6). The indentation 
depth of (25 ± 2) nm is below the required 10 % of the overall coating thickness of approximately 350 µm. The 
surface roughness of the hardened coating is Ra ≈ 0,16 µm. 
 
 
Figure 6. coating hardness of the oven-dried layer stack after laser-hardening compared to an untreated coating 
(test load 0,3 mN, load time 20 s, hold time 30 s, Vickers Indenter) 
3.2. Laser-hardening of laser-dried coatings 
For a fixed laser radiation intensity a significant improvement of the coatings state of drying is observed as a 
function of the scanning-velocity. The lower the scanning-velocity the more solvent is removed. According to the 
FTIR-spectra it is possible to achieve a state of drying similar to the state after oven-drying at both intensities I1 and 
I2  (Figure 7). Therefore two specimen sets are prepared for laser-hardening experiments. The first one is laser-dried 
at I1 whereas the second one is laser-dried at I2 (see Table 4). For the first layer the best result is achieved with a 
scanning-velocity of  2000 mm/s and 100 mm/s at I1 and I2 respectively. After laser-hardening of layer 1 according 
to Table 3, a multilayer system with a thickness of approximately 300 nm is generated by 3 further repetitions of the 
cycle consisting of spin-coating, laser-drying and laser-hardening. The process-parameters used for laser-drying of 
the final layer system are shown in Table 4. 
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Figure 7. FTIR spectra of laser-dried coatings compared to undried and oven-dried coatings. The vertical sequence of the spectra corresponds to 
the arrangement of the legend labels. 
 
Table 4 laser-drying parameters at I1 and I2 
Intensity I1 Scanning-velocity 
[mm/s] 
 Intensity I2 Scanning-velocity 
[mm/s] 
layer 1 2000 layer 1 100 
layer 2 1500 layer 2 60 
layer 3 1500 layer 3 60 
layer 4 1100  layer 4 30 
 
 
The hardness values of the final laser-dried layer stack consisting of 4 layers are both significantly increased 
compared to an untreated coating (Figure 8). Substrate effects are excluded because of the indentation depths of (35 
± 10) nm (at I1) and (26 ± 2) nm (at I2) are both below the required 10 % of the overall coating thickness of 
approximately 350 nm. The surface roughness of Ra=0.21 µm (at I1) and Ra=0.25 µm (at I2) are slightly increased 
compared to the oven-dried layer-stack.  Laser-drying at intensity I2 with a lower scanning-speed between 60 – 100 
mm/s leads to an increased hardness compared to laser-drying at I1 with a scanning-speed between 1500 – 
2000 mm/s. This is attributed to the increase of the drying-time due to the decrease in laser radiation intensity which 
results in a lower process temperature. An even greater increase of the hardness is achieved on the oven-dried 
coatings (Figure 6) which indicates that the network formation within the layer is time-dependent.  
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Figure 8 coating hardness of the laser-dried layer stacks after laser-hardening compared to an untreated coating 
(test load 0,3 mN, load time 20 s, hold time 30 s, Vickers Indenter) 
 
4. Conclusion 
Homogeneous layers are produced on 100Cr6 steel substrates via wet-chemical spin-coating of a nano-dispersion 
based on zirconia in order to produce a ceramic wear protection coating. Drying of the applied layer is carried out by 
an inline-capable laser process with continuous diode laser radiation guided across the coated sample by a beam 
deflection system. Two series of experiments are carried out at two intensities differing by one order of magnitude 
in order to investigate the influence of the duration of the drying-process. The FTIR spectra of the laser-dried layers 
correspond to the spectra of oven-dried layers, thus the laser-based drying of the applied layers was successful. In a 
second step the hardness of the dried coatings is significantly increased by a laser-hardening process carried out with 
pulsed diode laser radiation. A relevant thickness of approximately 350 nm is produced by 4 repetitions of the cycle 
consisting of spin-coating, laser-/oven-drying and laser-hardening. The hardness of the final oven-dried layer stack 
is increased to (1100 ± 180) HV. Furthermore the laser-drying of the layers was successful. The hardness of the 
layer stack dried at the higher intensity and therefore shorter drying-time is increased to approximately (700 ± 200) 
HV whereas the hardness of the layer stack dried at lower intensity is increased to approximately (1000 ± 250) HV 
which is an increase by a factor of 4 compared to an untreated coating.   
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